We report dual RF beam reception of an X-band phased array antenna using photonic crystal fiber based delay network. Each incoming RF signal can be independently received and the angle of arrival can be determined based on the delay time dependent wavelength. Two RF signals with frequencies 8.4GHz and 12GHz impinge upon an X-band antenna array from -7.4 and -21.2 degrees. These signals are detected and the angle of arrival is determined with a very good degree of accuracy using photonic crystal fiber based truetime-delay (TTD). The total number of RF beams that can be simultaneously detected is limited by the hardware availability and the bandwidth of the wavelength differentiation capability of the system.
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Published by 3 mode fiber is required to generate the same amount of delay. This reduces the size and weight of the overall system.
In our previously reported research, photonic crystal fiber based delay lines for a single RF beam steering was presented [14, 15] . Recently, we also demonstrated simultaneous multiple beam transmission capability of our PAA system utilizing highly dispersive fibers [16] . In this paper, we report with experimental confirmation the working principle of a photonic crystalbased TTD module with multiple beam receiving capability for application in a phased array antenna. Previous architectures used high dispersion fibers with a dispersion coefficient of -88ps/nm/km fibers [17, 18] . Using our highly dispersive PCFs, the length of the TTD lines can be reduced by a factor of 7. In section 2, we describe the setup and working principle of a general system for receiving multiple beams. In section 3, we present our demonstration and experimental results for 2 beam operation at X-band (8-12GHz).
Optical beamformer for receiving multiple-beams
Using the PCF based TTD module, multiple-beam receiving can be realized by using the scheme as shown in Fig. 1 . A general system is shown wherein multiple number (M) of RF signals are received simultaneously using an antenna array with N elements through a single set of TTD lines.
A laser array is used to generate M different optical carrier waves with wavelengths λ 1 to OSA Published by 4 Each TTD line consists of different lengths of PCF (red section) and SMF (blue section), with the overall length of each TTD line being approximately equal, and the lengths chosen in such a way that at a central wavelength of λ 0 , the nominal delay through each TTD line is the same, and the outputs from the TTD lines for an RF signal incident normal on the antenna array are all in phase. At wavelengths greater than or less than λ 0 , different time delays are induced in each TTD line, with a constant time delay difference between adjacent channels at every wavelength. The time delay between adjacent lines induced by a beam received from an angle 'θ ' given by [2] :
where τ is the time delay difference between adjacent lines, d is the antenna element spacing, and c is the speed of light in free space.
Suppose there are N true time delay lines of length L, having PCF segments of lengths 1 L , 2 L , 3 L … and N L respectively as shown in Fig. 1 . In practice, the first delay line consists of SMF section of length L ( 1 L = 0), and the N th delay line consists of PCF section of length L (no SMF section). The time delay generated in the i th delay line is given by:
The first term is contributed by the PCF section and the second term by the conventional single mode fiber. If we consider the difference of delay time, τ , between two adjacent fibers having PCF segments of lengths L i and L i+1 , we have:
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where τ is the time delay difference between adjacent channels generated by λ with respect to λ 0 .
Since the dispersion value of the PCF is much larger compared to that of the SMF, for a fixed wavelength λ , the difference of time delays between different channels are only determined by the lengths of the PCFs. Therefore, by making the lengths of the PCF an arithmetic sequence, we can achieve equal time delay differences between adjacent TTD lines at any given wavelength, thus, forming a wavelength-tuned TTD line. 
Demonstration of 2 beam receiving operation
The schematic and the actual experimental setup used for demonstrating 2 beam receiving operation are shown in Fig. 3 . We use two adjacent antenna elements, two modulators and two adjacent delay lines in order to demonstrate dual-beam receiving capability.
We generated 8. It can be seen clearly from the figure that at a wavelength of 1547.72nm, there is a peak in the detected output power for 8.4GHz and 12GHz signals arriving from -7.4 degrees, and at a wavelength of 1552.52nm, there is a peak in the detected power for 8.4GHz and 12GHz signals arriving from -21.2 degrees. These wavelengths correspond to complementary angles of 7.4 degrees and 21.2 degrees respectively in the transmission mode, which are also shown as two data points in Fig. 2, thus showing the multiple beam receiving capability of our system. It can also be seen from Fig. 4 . that there is no beam squint effect observed using the PCF-TTD technique. Since the wavelength on the tunable laser source can be tuned to within 0.01nm accuracy, the error in determining the angle is very small. For example, for a change in 0.01nm
in the wavelength of the source at 1550nm, the error in determining the angle is less than 0.027 OSA Published by 9 degrees which corresponds to 0.2% error in determining the angle at 1550nm. Although the peaks in Fig. 4 are distinguishable, by incorporating more number of adjacent elements to receive the impinging RF signals, we can achieve sharper peaks and distinguish very closely Compared to other optical TTD techniques [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , this method provides a relatively compact and extremely low weight feature with tremendous scope for scalability and extendibility to two dimensions. Although conventional FPGA-based electronic counterparts are extremely dense, small in size and cheaper with respect PCF approach, they suffer from beam squint effect and their operation is limited to several tens of GHz. By utilizing very high OSA Published by 10 dispersive PCFs, the length of PCF required, and hence the overall size and weight of the system can further be reduced.
The operation can also be easily extended to two dimensions for (a) X-Y separable case by using two sets of PCF-TTD networks, one for each dimension as shown in [15] . We are limited by the available hardware to conduct multi-beam reception. In principle, the total number of RF beams that can be simultaneously detected is limited by the bandwidth (Δλ) of the WDM. As a result, hundreds of RF beams are detectable in the same time domain.
Conclusion
In conclusion, we present an optical beamformer based on highly dispersive fibers that can receive multiple beams simultaneously. Two beam receiving operation is demonstrated using two optical carriers with different wavelengths, which generate two independent sets of time delays. Two incoming RF signals are simultaneously detected and their angles of arrival are determined using the knowledge of the TTD lines. The true time delay module is compact as the dispersion of the fabricated PCFs is as high as -600ps/nm/km at 1550nm, and the system can be extended to receive many beams without increasing the overall complexity of the system. 
